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We present a study of resonant inelastic X-ray scattering (RIXS) spectra collected at the rare-
earth L edges of divalent hexaborides YbB6 and EuB6. In both systems, RIXS-active features are
observed at two distinct resonances separated by ∼ 10 eV in incident energy, with angle-dependence
suggestive of distinct photon scattering processes. RIXS spectra collected at the divalent absorption
peak strongly resemble the unoccupied 5d density of states calculated using density functional theory,
an occurrence we ascribe to transitions between weakly-dispersing 4f and strongly dispersing 5d
states. In addition, anomalous resonant scattering is observed at higher incident energy, where no
corresponding absorption feature is present. Our results suggest the far-reaching utility of L-edge
RIXS in determining the itinerant-state properties of f -electron materials.
I. INTRODUCTION
Resonant inelastic x-ray scattering (RIXS) is an emerg-
ing technique capable of probing electronic structure and
collective modes of crystals and films of correlated elec-
tron systems. Using resonance enhancement of electronic
transitions near X-ray edges, this photon-in/photon-
out scattering technique permits exploration of collec-
tive modes where energy, momentum and polarization
changes of the scattered photon deliver vital informa-
tion on the energetics and quantum numbers of complex
materials [1]. Recent prominent applications of RIXS
mainly focus on transition metal oxides and include the
direct observation of charge density waves in high-Tc su-
perconductors [2], Mott gap dispersion in their parent
compounds [3–5], residual paramagnon fluctuations in
doped cuprates [6], and detailed measurement of mag-
netic and electronic structure in thin films [7] and in-
terfaces [8]. Sustained synchrotron endstation develop-
ments have permitted an expanded inquiry into the spin
and charge spectra of a broader class of materials which
harbor interesting physical phenomena.
Rare earth hexaborides form in the cubic CsCl type lat-
tice structure and exhibit diverse, interesting, and well-
characterized electronic and magnetic ground states such
as putative topological Kondo insulating state in SmB6
[9], superconductivity in LaB6 [10], hidden quadropolar
order in CeB6 [11], and colossal magnetoresistance in fer-
romagnetic EuB6 [12]. In order to address the system-
atic variations among this class of materials which un-
derpin their ground states, we focus our attention on two
representative divalent systems: nonmagnetic YbB6 and
ferromagnetic EuB6. YbB6 is a non-magnetic small-gap
semiconductor [13], whereas EuB6 is a magnetic semicon-
ductor with a ferromagnetic ordering transition at 15.5 K
[14–18]. In each case, the covalent bonds among B atoms
forms an octahedral cage with a complex valence struc-
ture and the R ions sit at sites of cubic symmetry [17, 19].
Rare earth L-edge RIXS investigations are relatively un-
common but recent success in detecting a quasi-gap and
dramatic band reconstruction at the valence transition
in YbInCu4 [20] as well as recent activity assessing the
topological status of YbB6 [18, 19, 21–25] has motivated
our systematic investigation presented here.
II. EXPERIMENTAL DETAILS
RIXS measurements were performed at the MERIX
spectrometer at the Advanced Photon Source at Argonne
National Lab [26]. Here we investigate the L2 edge of
YbB6 and L3 edge of EuB6 while varying incident en-
ergy and polarization conditions, culminating in a rather
exhaustive report of the RIXS scattering opportunities
in divalent rare earth materials. Undulator magnets pro-
duce horizontally polarized photons whose bandwidth are
then narrowed using two pairs of monochromator crys-
tals. Two Kirkpatrick-Baez mirrors deliver a focused 40
× 10 µm spot on the sample. Inelastically scattered pho-
tons emerging from the scattering volume are collected
by a spherical diced crystal analyzer cut from a silicon
substrate on a 2m arm and backscattered onto a posi-
tion sensitive micro-strip detector. Overall, energy reso-
lutions of 75 meV (L2 YbB6) or 140meV (L3 EuB6) were
achieved. The YbB6 single crystals where grown by the
Al-Flux method as described previously [27].
The MERIX spectrometer [26] has three independent
axes of rotation on the sample position as well as two
ar
X
iv
:1
90
5.
09
86
2v
1 
 [c
on
d-
ma
t.s
tr-
el]
  2
3 M
ay
 20
19
2 (b) EuB6  
6965 6970 6975 6980
9970 9975 9980 99859965
Incident Energy (eV)
 (a) YbB6  
6985
9.965 9.970 9.975 9.980 9.985
60000
70000
80000
90000
100000
110000
120000
130000
Incident Energy (eV)
Cou
nts
XAS YbB6 2015
Energy Transfer (eV)
6965 6970 6975 6980 6985
0
1
2
3
4
5
 (c) YbB6  
 (d) EuB6  
9985
9980
9975
9970
6984
6980
6976
6972
In
ci
de
nt
 E
ne
rg
y 
(e
V
)
X
A
S 
(A
rb
.)
0
1
0
1
2θ 
Q
Sample
Polarized Geometry
2θ = 25.8 
φ  = 12.9 
Q = (1.5, 0, 0) 
 
(b)
2θ = 90 
φ  = 45 
Q = (4.75, 0, 0) 
Q
2θ 
Sample
0        2         4         6         8       10 
FIG. 1. X-ray absorption spectrum for (a) the L2 edge of
YbB6 and (b) the L3 edge of EuB6. The vertical lines indi-
cate the incident energies selected for the RIXS spectra below.
(c) shows the RIXS spectrum for YbB6 as a function of in-
cident photon energy and energy transfer in the depolarized
scattering geometry. (d) RIXS spectrum for EuB6 in the de-
polarized scattering geometry.
axes for the analyzer/detector arm. This flexible geome-
try allows both horizontal and vertical scattering planes,
permitting both angle and energy resolution of the RIXS
spectrum and the transverse polarization of the incident
photons permits polarization analysis in the scattering
process [26]. The momentum transfer is given by ~Q =
~ki-~kf where ~ki is the incident photons and ~kf is the scat-
tered photon, indexed by the Miller indices (HKL) of
the simple cubic lattice with a seven-atom unit cell.
X-ray absorption spectroscopy (XAS) was collected in
total fluorescence yield mode with an energy-integrating
detector at 90 degrees from the sample to reduce the elas-
tically scattered background while the incident energy
from an attenuated beam directly from the monochro-
mator is scanned.
III. EXPERIMENTAL RESULTS AT THE
DIVALENT RESONANCE
Figure 1 compares the X-ray absorption spectra (XAS)
at the L2 (2p1/2 → 5d) edge of YbB6 and the L3
(2p3/2 → 5d) edge of EuB6. In each case we observe
a similar prominent divalent peak and a complete lack of
trivalent peak, expected about 7 eV higher in incident en-
ergy as observed in mixed rare earth systems [20, 23, 28],
confirming the divalency of each compound. Consistent
with the magnetic response of each material, the XAS
data support the divalency of YbB6 (f
14) and EuB6 (f
7)
and imply that each have zero orbital angular momentum
associated with the f -electron degree of freedom.
The RIXS spectra for the L2 edge of YbB6 and L3 edge
of EuB6 at incident energies represented in Fig. 1a,b is
shown in Fig. 1c,d as a color plot and Fig. 2a,c as line
scans. These spectra were collected in the depolarized
scattering geometry with momentum transfer ~Q = (4.75,
0, 0) at T = 300 K. In this geometry, the polarization
of the scattered photon on the incident one is necessarily
zero, a point we return to later. Further, this geometry
minimizes the nonresonant elastic (Thomson) scattering,
permitting resolution of low-energy inelastic features.
Both materials show broad features which resonate at
the divalent XAS peak and in both cases we identify a
fluorescence tail above 8eV energy transfer. The rare-
earth L RIXS process can be considered as resonant Ra-
man scattering dominated by dipole-allowed transitions
(∆l±1) in a 2p→ 5d→ 2p scattering event with a strong
2p core hole potential in the intermediate state. The fi-
nal state, however, does not contain a core hole and the
accessible range of net excitation energies persists down
to the instrumental resolution < 100meV. Such low en-
ergy scales can be thermally populated at ambient con-
ditions and are therefore relevant for material behavior.
For these reasons, rare earth L edge RIXS holds great
promise to exploring collective modes in correlated elec-
tron systems.
In order to establish detailed connections between the
RIXS spectrum and underlying electronic structure, we
have performed electronic structure calculations using
the full-potential linearized augmented plane wave (FP-
LAPW) method implemented in the WIEN2k package
[29]. The generalized gradient approximation (GGA) [30]
was used for the exchange-correlation functional. The
spin-orbit coupling was included in a second variational
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FIG. 2. RIXS data for YbB6 and EuB6 in the depolarized (a,
c) and polarized (b, d) scattering geometries at T = 300 K.
The insets show the incoming photon polarization as a green
arrow while the incident and scattered photon momenta are
indicated by black arrows. Pink and blue shading indicate
respectively the low and high incident photon energy.
way. The muffin-tin radius 2.5a0 (a0 being the Bohr ra-
dius), 2.5a0, and 1.57a0 and 1.60a0 for Yb, Eu, and B
in YbB6 and EuB6, respectively, and a plane-wave cutoff
RKmax = 8 was taken. Hereafter all theoretical cal-
culations were performed at the experimentally deter-
mined lattice constants [14, 31]. To address the electronic
correlation effects on Yb- and Eu-4f electrons, we have
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FIG. 3. Comparison of RIXS spectrum with 5d density
of states calculations with U = 8 for (a) YbB6 and (b)
EuB6. The RIXS spectra are shown in black with the DFT-
calculated 5d density of states in green. In (a) the YbB6 DOS
was downshifted by .3 eV, in (b) the EuB6 DOS was down-
shifted by 1.2 eV. (c) the momentum dependence of the low
energy feature in YbB6 along the Γ-X-M-Γ cut, showing weak
dispersion. (d) schematic of a set of net 4f to 5d transitions
at constant momentum transfer from flat 4f bands to unoc-
cupied 5d states. (e) and (f) comparison of unshifted DFT
calculation for U = 0,6,7,8 eV and RIXS spectra. In (e, f) no
shift was applied to the DOS.
also performed the GGA+U calculations by using the
self-interaction correction double-counting scheme [32].
We varied the value of the Hubbard repulsion as Ueff
= 6, 7, 8 eV. The above choice of Hubbard U values
are on par with those reported in earlier work [33, 34].
Spin-polarized GGA calculations gives vanishing mag-
netic moment for YbB6 and ∼ 7 µB for EuB6, in rea-
sonably good agreement with the experimental measure-
ments [17, 35, 36] and earlier calculations [34].
Although the nonmagnetic state of YbB6 or the mo-
ment size of EuB6 are robust against the value of the
Hubbard repulsion, the position of 4f -orbital energy lev-
els are pushed away below the Fermi energy by this re-
pulsion. In particular, the obtained Yb-4f level positions
for Ueff = 8 eV are in good agreement with the ARPES
measurements on YbB6 [37]. Therefore, we present the
electronic structure results for this specific value.
Figures 3a,b compares the RIXS spectra with the cor-
responding calculation of the 5d density of states (DOS),
4sampled on a mesh of 15 × 15 × 15 k points. The DOS
have been shifted in energy to enable detailed compar-
ison of the RIXS line shape and the calculated density
of states, including details like the gradual rise below
the strong cusp due to a prominent van Hove singularity.
The calculation appears to produce sharper features at
higher energies, which are likely blurred in the data by
a combination of instrumental resolution and coupling
to lattice degrees of freedom, as is well-known in opti-
cal and RIXS spectra [38, 39]. The observed agreement
strongly supports an interpretation where electrons are
excited into 5d final states from a band of weakly dispers-
ing initial states. We propose here a scattering process
wherein electrons originating in the weakly dispersing 4f
states are scattering by the core hole potential to 5d final
states, illustrated schematically in Fig. 3d. Because the
f band is both occupied and weakly dispersive, the man-
ifold of all such transitions at the momentum set by the
scattering geometry provides an image of the unoccupied
5d density of states.
Figure 3c presents RIXS spectra collected along high-
symmetry cuts in the simple cubic Brillouin zone of YbB6
at the divalent resonance. Weak dispersion is apparent
and supports our interpretation of the scattering process
considering that the 4f manifold is completely full and
the 5d-derived states are nearly empty [37]. A similar
momentum-independence was observed in EuB6, where
similar conditions are present, although in this case, the
4f states are only half full. This situation presents strong
contrast to RIXS studies on 5d elements such as Ir and
Os, which often display local moment magnetism arising
from correlated states within the 5d manifold [40].
Given our interpretation of the rare-earth L egde RIXS
spectra collected at the divalent resonance, we consider
here the implications for the electronic structure of each
material. The van Hove singularity in YbB6 giving rise
to the strong cusp is separated energetically from the 4f
level by approximately 1.5eV more than in EuB6. We
also note that the bandwidths obtained here from the
RIXS data and from the DFT calculation are in good
agreement without the need to scale, a step that is of-
ten invoked to account for correlation effects [41, 42],
which appear to be absent or muted in the unoccupied
5d states of the divalent hexaborides EuB6 and YbB6.
Such detailed information on electronic structure with
orbital selectivity can serve as a benchmark in the de-
velopment of new computational schemes in correlated
electron systems.
IV. GEOMETRICAL DEPENDENCE OF RIXS
PROCESSES
So far we have considered the RIXS spectra of YbB6
and EuB6 near the divalent resonance taken in the de-
polarized scattering geometry with scattering angle 2θ'
90◦. In this configuration, the projection of the scat-
tered photon polarization on the incident one is neces-
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FIG. 4. Total integrated RIXS as a function of incident energy
for (a) YbB6 and (b) EuB6. Two peaks are apparent and split
by 9.9 eV for YbB6 and 10.6 eV for EuB6. The lower energy
peak resonates near the peak in XAS, while the higher energy
feature does not have a corresponding peak in the XAS.
sarily zero, constraining the allowed matrix elements and
therefore types of excitations observed. We now relax
this stringent condition by surveying a polarized scatter-
ing condition, illustrated in Fig. 2b,d, collected at ~Q =
(1.5,0,0) and 2θ near 25◦ at T = 300 K.
As with the depolarized case, we observe a feature re-
sembling the 5d density of states which is strongest at
the divalent resonance. In contrast, we also observe a
strong set of RIXS transitions at a somewhat higher en-
ergy above the divalent peak. For each compound, the
high energy feature peaks at a low energy transfer of ∼ 4
eV (Fig. 4c,d), with a continuum of intensity persisting
down to the lowest energies measured. For the case of
EuB6, this scattering has been shown to be sensitive to
the bulk magnetization of the system. Specifically, be-
low the Curie temperature Tc=15.5 K [17] a pronounced
spectral weight redistribution toward low energy is ob-
served in the RIXS spectra collected at high incident
energy. This observation demonstrates the importance
of the high-energy resonance because the final states of
this scattering process result in excited states which can
also be thermally excited and therefore directly influence
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FIG. 5. Theta-two theta scan showing the angle dependence
of the two RIXS features in the spectrum of YbB6. (a) shows
the angular dependence of the high energy feature at Ei =
9982.2 eV with 1.5<∆E<4.5 eV, showing a clear node at 90◦.
Red solid line shows a fit to cos2(2θ). Inset summarizes the
observed polarization dependence, scattering geometry and
incident polarization vector. (b) shows that the low energy
feature at Ei = 9972.8 eV with 4 eV <∆E<7 eV has no
significant angular dependence, consistent with the horizontal
line shown in solid red. The isotropic scattering in this case
is represented in the inset as a sphere.
material behavior.
Figures 4a,b show the total integrated RIXS intensity
as a function of incident energy. The lower peak coin-
cides well with the divalent peak in the XAS, while the
higher energy peak occurs in a region where the XAS has
no pronounced feature. The two-peak structure was fit
to two Gaussian profiles plus a constant background to
determine the splitting is '10eV, which is significantly
greater than the documented divalent-trivalent splitting
observed to be around 7eV [20]. This hidden resonance
therefore appears not to coincide with any observable
peak in X-ray absorption and furthermore cannot be at-
tributed to a remanent trivalent state.
The scattering intensity produced at high incident en-
ergies is absent in the depolarized geometry, an observa-
tion we explore and quantify here for YbB6. Figure 5a
displays a theta-two theta angular scan with Ei=9982.2
eV and the energy transfer integrated over a region be-
tween 1.5 and 4.5 eV to represent the RIXS spectral
weight of the high energy resonance. Such a scan cor-
responds to a linear pathway in reciprocal space which
traverses many Brillouin zones while the polarization un-
dergoes smooth variations throughout the scan, showing
clearly the behavior arises from polarization effects. Also
shown is a fit to a simple angular-dependent form cos2 2θ,
reminiscent of Thomson scattering. Such an angular de-
pendence has been observed before at the K edge of Cu
in zero-dimensional cuprate CuB2O4 [38], which corre-
sponds to an indirect scattering process, discussed below.
The angle dependence of the 4f→5d excitation pro-
duced at the divalent resonance is shown in Fig. 5b,
and can be well described as being totally independent
of scattering angle. This scattering distribution over an-
gle can be represented as a sphere, shown schematically
in the inset of Fig. 5b. This angle independent scat-
tering is consistent with an attribution of a indirect 4f
transition to a 5d band with small occupation.
V. DISCUSSION
In an indirect RIXS scattering process, the photo-
excited electron enters electronic orbitals far above the
Fermi level and plays only a small part in generating the
excitations, which are dominated by the strong core hole
potential. For indirect Cu K RIXS, theoretical mod-
els which neglect the interaction of the 4p “spectator”
electron provide adequate description of RIXS spectra in
cuprates [1, 4, 38, 43], which are driven by the 1s core
hole potential. For the rare-earth L edge RIXS consid-
ered here, the 5d states play the role of the spectator and
2p core holes generate the excitations.
Though we have made compelling progress in inter-
preting the nature of the excitations generated at the
divalent resonance, spectra collected at higher energy
present significant challenges. We note that the numer-
ical value of the splitting between the peaks of RIXS is
rather large: in YbB6, two peaks in the integrated RIXS
spectrum are separated by 9.9 eV, while for EuB6 there
is a splitting of 10.6 eV between the peaks. Rare-earth
hexaborides have long been studied and are in use as
thermionic emitters due to their low work function and
high melting point. For each case presented here, the
resonance splitting far exceeds the work function of each
material ∼4 eV [44], suggestive that to the extent that
the fermi level is measured by the divalent peak, the in-
termediate states generating the high energy peak are
unbound from the material. The intermediate states do
not then correspond to final states of XAS, but instead
correspond to the final states of photoemission. Further
work is needed to fully explore the implications of the
scenario.
6VI. CONCLUSIONS
Our resonant inelastic X-ray scattering investigation
of the L edges of rare-earth hexaborides YbB6 and EuB6
shows two strong resonant features attributable to dis-
tinct RIXS scattering processes. We present compelling
evidence that an indirect RIXS feature present at the
divalent peak of x-ray absorption has negligible polariza-
tion and momentum dependence is due to a net 4f → 5d
transition. Quantitative considerations of this feature
provide microscopic energy scales such as the 5d band-
width, energy of the 4f electronic bands, and systematic
variation across materials. In addition, we observe a sec-
ond set of features resonant at a higher incident energy
where no peak in absorption can be identified. This fea-
ture has strong polarization dependence resembling that
of Thompson scattering. Our results suggest far-reaching
utility of L edge RIXS experiments in deciphering mixed
valent, heavy fermion, hidden order, and other complex
phenomenology of f -electron materials at a microscopic
level. In particular, extension of our quantitative rare-
earth L edge RIXS work and relation to the underly-
ing electronic structure to more complex systems such
as SmB6 and YbB12 hold strong promise toward evalu-
ation of the topological status of these and related 3D
materials.
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